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tion of circulating tumor cells in
peripheral blood by fluorometric “turn on” aptamer
nanoparticles†

Wenxi Xia,a Xiaoyan Shangguan,a Miao Li,ab Yang Wang,a Dongmei Xi,a Wen Sun, a

Jiangli Fan, a Kun Shao*a and Xiaojun Peng *a

The detection of the circulating tumor cells (CTCs) detached from solid tumors has emerged as

a burgeoning topic for cancer diagnosis and treatment. The conventional CTC enrichment and

identification mainly rely on the specific binding of the antibodies on the capture interface of the

magnetic nanoparticles with the corresponding biomarkers on the cell membranes. However, these

methods could easily generate false-negative results due to the extremely low concentration of CTCs

and the internal heterogeneity of the tumor cells. Herein, with the aim of selectively identifying CTCs

and improving the detection accuracy in peripheral blood, we designed the fluorometric “turn on” Au

nanoparticles (DHANs) with the modification of a tumor-targeted moiety, dehydroascorbic acid (DHA)

and a fluorometric aptamer, which could be “switched-on” by an over-expressed intracellular protein,

namely hypoxia-inducible factor-1a (HIF 1a). This novel nanoformulated detection platform

demonstrated the great capacity for visualizing various CTCs in peripheral blood with significantly

improved detection efficiency and sensitivity. As a result, the nanoplatform has a great potential to be

further applied for CTC detection in vitro or in vivo, which holds promise for extensive CTC studies.
Introduction

Circulating tumor cells (CTCs) detached from primary tumor
sites into the peripheral blood have been regarded as one of the
most promising biomarkers as “liquid biopsy” for clinical early
diagnosis and disease progression prediction.1–7 However, the
detection and enumeration of CTCs remain challenged since
extremely rare CTCs (merely 1 CTC out of 1� 109 hematological
cells) in blood impede the detection efficiency and capture
purity.8,9 Moreover, the surface antigen markers of CTCs are
variable due to heterogeneity, which further renders the appli-
cation.10 Currently, the isolation of CTCs is generally applied
based on morphologic criteria (cell size or density) and affinity-
based strategy,11,12 which mainly rely on the specic binding of
ligands (antibody, aptamer, peptide, etc.)13 on the capture
interface of the magnetic nanoparticles with biomarkers
(EpCAM, HER2, CK19, etc.)14–18 on the targeted cell membranes.
However, considering the intrinsic characteristics of CTCs, even
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though they possess numerous merits, the disadvantages of
currently available detection methods cannot be ignored. First,
owing to the high heterogeneity of CTCs, false-positive signals
are oen generated during the CTC detection, which limits its
extensive application.19 Second, CTCs would nonspecically
absorb proteins and other blood components in the process of
enrichment, resulting in the high background interference.
More importantly, CTCs usually exhibit an altered phenotype
compared with the parental tumor cells from where they are
derived, causing the inconsistent results between the in vitro
mimic CTC assays with in vivo experiments. All these drawbacks
limit the precise and extensive assessment of CTCs in actual
samples. In order to overcome these limitations, developing
a new detection strategy is desirable for wide CTC research.

Tumor microenvironments, such as high reactive oxygen
species (ROS) level, low pH and highly expressed enzymes, have
gradually become effective biomarkers for tumor imaging and
cancer therapy.20–27 Hypoxia, as an important feature of solid
malignancies, associates with the activation of angiogenesis,
metastasis and recurrence potential.28–30 As reported, the
expression levels of many proteins are up-regulated when tumor
cells stay in a hypoxic environment.31 Among these proteins,
hypoxia-inducible factor-1a (HIF 1a) is a transcription acti-
vating factor that regulates gene expression induced by intra-
cellular oxygen concentrations, particularly under hypoxia
conditions, which play a critical role in numerous cancer
biology activity including inammatory response, angiogenesis,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (A) Synthesis route of SH-PEG5000-DHA. (B) Schematic illustration of the “turn on” principle of the aptamers by HIF 1a. (C) Schematic
of the fabrication process of DHANs and the conjugation of the DNA double strand onto the surface of AuNPs. (D) Illustration of CTC detection by
DHANs.
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vasodilation, metabolic reprogramming, vascular permeability
and the epithelial–mesenchymal transition (EMT).32–36 More-
over, HIF 1a then up-regulates the expression of target genes
under hypoxia conditions such as facilitative glucose trans-
porters (GLUT1), glycolytic enzymes, and lysyl oxidase (LOX).37,38

Herein, the up-regulated expression of HIF 1a and GLUT1 on
tumor cells under hypoxia conditions could be considered as
the distinctive characteristics, which were applied into CTC
detection strategy in our study.

The functional ligands (antibodies, aptamers, proteins and
peptides) could vector the nanoparticles to the tumor cells with
overexpressed receptors. Compared with antibodies and peptides,
aptamers (small oligonucleotides) have been successfully applied
for tumor targeting due to their admirable pharmacokinetic
properties, such as small size, simple synthesis and lack of
immunogenicity.39–43 Recently, there are several publications about
“turn-on” aptamers in the presence of HIF 1a.44,45Herein, based on
the favorable characteristics of aptamers, we introduced a partially
double stranded oligonucleotide with HIF 1a-induced structural
switch-ability, which was synthesized as a uorescence biosensor
for specically detecting and identifying intracellular HIF 1a. The
double stranded oligonucleotide was conjugated to AuNPs via
a PEG segment. In addition, alkynated dehydroascorbic acid
(DHA), as one excellent substrate of highly expressed GLUT1 on
tumor cells,46,47 was also modied on the surface of the AuNP-
aptamer by a click reaction. The formed DHA-nanoparticles
could easily bind with CTCs owing to the high affinity of DHA
towards GLUT1 and subsequently enter CTCs via endocytosis. In
this study, a FAM-labeled aptamer (FAM-aptamer) and BHQ1-
labeled DNA (BHQ1-DNA) were used as a uorometric probe and
quencher, respectively. In the absence of HIF 1a, the uorescence
of FAM was quenched by the approaching BHQ1 due to the
partially hybridized structure. However, in the presence of HIF 1a,
the secondary structure of the aptamer changed owing its higher
affinity towards HIF 1a, and the uorescence of FAM was
© 2021 The Author(s). Published by the Royal Society of Chemistry
recovered. Therefore, the uorometric aptamer-conjugated AuNPs
could be used to precisely identify CTCs by highly expressed HIF
1a in the hypoxic environment.

Thus, we designed the uorometric “turn-on” Au nano-
particles (DHANs) with the modication of the tumor-targeted
moiety, DHA and a HIF 1a-switchable uorometric aptamer
(Scheme 1). AuNPs have been selected as the carrier due to their
signicant advantages of high stability, longer circulation time
and easy functionalization.48 This nanoformulated CTC detec-
tion platform exhibited great sensitivity and accuracy for he
specically detecting different types of CTCs under hypoxic
conditions in vitro. Introducing hypoxia as a stimulus into the
detection strategy could signicantly improve the signal-to-
background ratios and avoid the false-positive results. Impor-
tantly, the favorable detection nanoplatform implies its signif-
icant potential for extensive CTC research.
Results and discussion
Synthesis and characterization of DHANs

The as-prepared AuNPs with controlled size around 13 nm were
the reduction product of gold ions by citrate.49 In order to
stabilize AuNPs in a nonaggregated state in biological systems,
PEG-derivatives, acting as a passivation layer, were coated onto
the nanoparticles. Two classes of PEG thiols have been utilized:
(1) SH-PEG5000-N3 possessing an azide group that could react
with the acetylene DHA via click chemistry; (2) SH-PEG5000-NH2

offering an amino group to link with NHS-PEG-MAL, which
possesses maleimide to react with SH-DNA double strands. The
synthesis method of passivated AuNPs was referred to the
previous literature.50,51 The synthesis route of DHA is shown in
Scheme S1.†

The 1H NMR, 13C NMR and HRMS spectra of DHA are shown
in Fig. S1–S3.† The reaction between acetylene DHA with azide
Chem. Sci., 2021, 12, 3314–3321 | 3315

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc05112h


Fig. 1 (A) TEM images of bare AuNPs, PEG-passivated AuNPs, PEG-SM
(EG)2-linker AuNPs and DHANs. The UV absorption of (B) bare AuNPs
and (C) PEG-passivated AuNPs. The solid line shows the AuNPs in
deionized water and the dotted line is in the DMEM medium. (D) The
photograph of bare AuNPs in deionized water (a) and DMEM medium
(b), PEG-passivated AuNPs (c) and DHANs in the DMEMmedium (d). (E)
The fluorescence spectra of FAM-aptamer (red), FAM-aptamer-BHQ1
double strands (blue), DNA double strand (green) and DHANs (violet) in
presence of HIF 1a (1 mg mL�1). ex ¼ 494 nm.
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PEG is shown in Scheme 1A. The 1H NMR spectrum of DHA-
PEG5000-SH is shown in Fig. S4.†

The morphology and dispersibility of various AuNPs were
characterized by DLS (Table S1†). The transmission electron
microscopy (TEM) of AuNPs shown in Fig. 1A demonstrated that
all passivation systems afforded AuNPs were nonaggregated
with better dispersion than bare gold nanoparticles. Both PEG
and DNA layers could be clearly observed in TEM magnied
images. Furthermore, we also investigated the stability of
AuNPs in deionized water and cell culture medium (DMEM) by
UV-vis measurements. As shown in Fig. 1B, the results showed
that bare AuNPs are dispersed in deionized water with strong
absorption at 518 nm; however, the coagulation and absorption
band changed when the supernatant was centrifuged and
added with the DMEM medium. Since passivated AuNPs could
remain stable in the DMEM medium, similar as in the deion-
ized water, UV absorption at 518 nm did not change obviously
(Fig. 1C). This phenomenon could be directly observed by the
naked eye. As shown in Fig. 1D, AuNPs dispersed in deionized
water were stable red, and rapidly aggregated in the DMEM
medium (blue), whereas the passivated AuNPs and DHANs
could disperse uniformly and appear red in the DMEM
medium. All these results demonstrated that DHANs were
successfully obtained and showed a good stability in the DMEM
medium, suggesting that they could be applied in subsequent
cell biological experiments. Detail sequences of the DNA strand
are listed in the ESI.† FAM uorescence could be effectively
quenched by BHQ1 to form a double strand, which has been
conrmed by uorescence intensity spectra. However, in the
presence of HIF 1a, the aptamer tempted to bind with HIF 1a,
the DNA double strands on DHANs were switched and the
uorescence of FAM was recovered (Fig. 1E).

Aerward, to verify the in vitro cytotoxicity of DHANs, methyl
thiazolytetrazolium (MTT) assay was carried out. MCF-7 cells
and 4T1 cells were incubated with different concentrations of
3316 | Chem. Sci., 2021, 12, 3314–3321
DHANs for 24 h, respectively. It was worth noting that DHANs
showed negligible cytotoxicity, demonstrating their comparable
biocompatibility in vitro (Fig. S5†).
Cellular uptake and internalization mechanism

In order to study the applicability of DHANs to identify CTCs in
vitro, 4T1 cells were selected for the assessment of cellular
uptake and intracellular internalizationmechanism. The effects
of DHANs on the cell uptake were investigated at multiple levels
including oxygen concentration, culture medium, incubation
time and AuNP modication. First, to investigate the effect of
oxygen concentration on the cellular uptake, we incubated 4T1
cells with 200 mg mL�1 DHANs under hypoxia (0.2% O2) and
normoxia (21% O2), respectively. All the cellular uptakes of
DHANs were evaluated by confocal laser scanning microscopy
(CLSM). As shown in Fig. 2A, due to the high expression of HIF-
1a in the hypoxic environment, the uorescence intensity of 4T1
cells under 0.2% O2 content was signicantly stronger than that
in normal culture environment, which showed similar
phenomenon in MCF-7 cells as well (Fig. S6†). It can be seen in
Fig. 2C(c and d) of quantitative analysis that the uorescence
intensity of hypoxia was obviously higher than that of normoxia,
whether in PBS or DMEMmedium. The aforementioned results
clearly demonstrated that HIF 1a was overexpressed in the
hypoxia environment and the secondary structure of aptamer-
DNA could be successfully switched inside the tumor cells,
resulting in the green uorescence release of the FAM probe.

GLUT1, as one target of HIF 1a, also presented higher
expression on the tumor cell membrane under hypoxic condi-
tions. The concentrations of GLUT1 and HIF 1a in 4T1 cells
under hypoxia and normoxia were veried via immunouores-
cence and ow cytometry (Fig. S7†). Second, to further investi-
gate the effects of the high targeting efficiency of DHANs, we
chose the DMEMmedium and PBS buffer as incubation media.
The DMEM medium contained D-glucose concentration up to
10 mM, which would saturate GLUT1 as a competitive substrate
and hinder the uptake of DHANs. As shown in Fig. 2A, the
enhanced uorescence signal of DHANs was detected in 4T1
cells in the PBS medium compared to that in the DMEM
medium, and the quantitative analysis of the uorescence
intensity are shown in Fig. 2C(a and b).

To further explore the effect of GLUT1 on DHAN internali-
zation, the PBS medium with 10 mM of D-glucose extra added
was set as the negative control as well. As shown in Fig. 2B,
compared with the PBS medium without D-glucose, the uo-
rescence intensity of 4T1 cells signicantly decreased in that
with 10 mM D-glucose, which conrmed that the cellular uptake
of DHANs was mediated via GLUT1. In addition, the cellular
uptakes of DHANs and HANs (without DHA modication) were
compared as well. As shown in Fig. 2B, the uorescence inten-
sity of the DHAN-treated group was signicantly obvious than
that of the HAN-treated group under the same incubation
conditions. As shown in Fig. 2C(f), the signicant different
constant P values of the PBS medium compared with those of
the DMEM medium, PBS with extra D-glucose and HANs were
0.00029, 0.00003 and 0.0003, respectively. These results
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Fluorescence images of the cellular uptake of DHANs (200 mg mL�1) in various culture models. (B) Fluorescence images of the cellular
uptake of HANs (200 mg mL�1) and DHANs (200 mg mL�1) in different incubation conditions (PBS; DMEM; 10 mM D-glucose) under 0.2% O2

condition. Excitation wavelength¼ 488 nm, scan scope¼ 500–550 nm. Scale bar¼ 10 mm. (C) Quantitative analysis of the average fluorescence
intensity using the randomly selected 7 ROIs on each image under different conditions (a) normoxia; (b) hypoxia; (c) DMEM; (d) PBS; (e) time; (f)
corresponding to (B). Date were assessed as mean � SD *P < 0.05. **P < 0.01, ***P < 0.001, and ****P < 0.0001 determined by the Student's t
test.
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undoubtedly validated that DHA could effectively identify tumor
cells with overexpressed GLUT1. Finally, we investigated the
effects of the incubation time on the cellular uptake. 4T1 cells
were incubated with 200 mgmL�1 DHANs for 0.5, 1, 2 and 3 h. As
shown in Fig. 2A, the uorescence intensity did not show an
obvious increase with the extension of time, and the corre-
sponding quantitative analysis of the uorescence intensity is
shown in Fig. 2C(e). Thus, 1 h was selected as the optimal
incubation time. The intracellular co-localization of DHANs was
carried out in 4T1 cells. The green uorescence signals of
DHANs overlapped well with the LysoTracker Red, suggesting
the internalization of DHANs was through lysosome (shown in
Fig. S8†).

Overall, the optimized condition for the CTC detection in
vitro was under 0.2% O2 and PBS medium for 1 h. The above-
© 2021 The Author(s). Published by the Royal Society of Chemistry
mentioned results indicated that the high concentration of
HIF 1a in tumor cells under hypoxia could effectively activate
DHANs, and subsequently the “turn-on” green uorescence
signal from the FAM aptamer had the potential to precisely
identify CTCs with high signal-to-background ratios in the
complicated blood samples.
In vitro detection of spiked cells in blood as mimic CTC
samples

The detection ability of DHANs for CTCs in blood is a crucial
factor. Therefore, we spiked 4T1 cells in fresh blood samples
collected from the veins of nontumor-bearing mice for the
evaluation of the detection ability of DHANs in mimic CTC
samples. Under the optimized conditions, CTCs were allowed to
adhere to the glass surface of culture dishes for 20 h (12 h 21%
Chem. Sci., 2021, 12, 3314–3321 | 3317
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Fig. 3 (A) Fluorescence images of recognized spiked 4T1 cells in whole mouse blood as mimic CTC samples. The FAM fluorescence represents
4T1 cells. Excitation wavelength ¼ 488 nm, scan scope ¼ 500–550 nm. Scale bar ¼ 100 mm. (B) Average fluorescence intensity using the
randomly selected 7 ROIs on each image of different spiked cell numbers. (C) Illustration of the experimental setup. Representative images of
RBCs, WBCs, and tumor cells. (D) Specific recognition of DHANs towards 4T1 cells and WBC. (The inset spectrum is the quantitative analysis of
the average fluorescence intensity using the randomly selected 7 ROIs on each image of 4T1 cells and WBC). Scale bar ¼ 50 mm.
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O2/8 h 0.2% O2 at 37 �C) aer blood centrifugation to remove
most red blood cells (RBCs). The dishes were washed with PBS
(pH 7.4) and incubated with 200 mg mL�1 DHANs for additional
1 h in the PBS medium. Aer incubating with DHANs, CLSM
imaging in living 4T1 cells are shown in Fig. 3A. The hypoxia
environment did not interfere with the cell activity and
morphology. Different densities of 4T1 cells were added to
a 1 mL fresh blood samples. It was observed that there was no
correlation between the uorescence intensity and cell
numbers, which could be benecial to detect the CTC samples
in even lower concentrations (Fig. 3B). As shown in Fig. 3A, the
given concentrations of the spiked cell number ranging from 50
to 3000 mL�1, which could be identied by CLSM aer a series
of pro-process steps including hemolysis and centrifugation
(Fig. 3C). The spiked CTCs might be lost in the processing step;
however, the treated lower concentration CTCs still could be
clearly observed, suggesting that FAM uorescence triggered by
HIF 1a and DHANs had good detection ability towards CTCs in
blood.

Subsequently, we further investigated the application and
accuracy of DHANs for identifying CTCs in a whole sheep blood
sample. To verify the extensive application of DHANs for
detecting various tumor cells in different blood environments,
we spiked MCF-7 cells in the sheep blood (Fig. S9†). As shown in
Fig. 3A and S5,† DHANs had excellent identication capacity for
both MCF-7 cells and 4T1 cells, even in the different blood
samples. This result demonstrated that the extensive identi-
cation capacity of DHANs for various CTC types spiked in
numerous blood environments.

Then, we further investigated the highly selective and precise
detection of DHANs towards CTCs. As shown in the partially
3318 | Chem. Sci., 2021, 12, 3314–3321
enlarged images (Fig. 3D), the uorescence intensity of CTCs is
higher than that of white blood cells (WBCs). WBCs showed
negligible uorescence signals. The uorescence imaging of
further control experiment in the absence of added 4T1 cells
has been shown in Fig. S10.† The results indicated that DHANs
were attempted to selectively bind with tumor cells compared to
leukocytes, demonstrating that DHANs could achieve the
specic recognition of tumor cells via the aptamer binding-
induced “turn-on” green uorescence signals of FAM. Herein,
the identication purity of CTCs was greatly improved and
avoided the high background interference of WBCs. According
to the above simulated blood CTC experiments, DHANs showed
few background interferences, excellent biocompatibility,
extensive application and accurate specicity towards CTC
identication in blood samples, which would be helpful for
further applications in CTC research.
Murine 4T1 lung metastasis model for the real CTC detection

Aer demonstrating the in vitro identication ability of DHANs
towards CTCs, we then constructed a tumor-conditioned
medium (TCM)-stimulating mouse model for ex vivo detec-
tion. Mice breast cancer 4T1 cells were transfected with the red
uorescent protein (mCherry-4T1). The function of transduced
implantation was essential for two reasons: (1) to probe the
presence of CTCs in peripheral blood, tumor cells accumulated
in lung during the blood circulation, corresponding to
a decrease in veins due to the tissue accumulation; (2) to eval-
uate the precise identication of DHANs for CTCs by uores-
cence co-localization. In our experiments, the transduced 4T1
cells were expanded and injected intravenously into normal
BALB/c mice, and then, the mice were le to bleed at 2 h post-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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injection, or on day 1, 5, 10, and 15, respectively. Fig. 4A showed
the timeline and treatment schedule for lung excision. All mice
(1 normal mouse and 6 TCM mice) were euthanized on 15th
day, and the lungs were harvested for further analysis using
a stereoscopic microscope (Fig. 4A, Olympus, Japan). Blood
from each mouse was collected, processed and then planted on
the culture multiwell. The CTC samples collected from the mice
were cultured for 12 h under the normoxia environment and
then transferred to hypoxic conditions.

The CTCs were incubated with 200 mg mL�1 DHANs in the
PBS medium for 1 h before performing under CLSM. The blood
glucose should not interfere with the detection results since
GLUT1s on tumor cells were not fully saturated by the glucose
molecules (�6 mM) in the blood of mice. Secondly, the process
of D-glucose transportation through GLUT1 is dynamic, and
once inside the cells, glucose will be consumed rapidly as an
energy resource in the hypoxic environment. Therefore, GLUT1
occupied by blood glucose should not affect the detection
outcomes of CTCs by DHANs. Mounted wells were imaged on
CLSM using a 100� oil objective to identify the CTC region. As
shown in Fig. 4B, the uorescence signals of mCherry and FAM
well-overlapped, demonstrating DHANs could efficiently iden-
tify CTCs with a higher co-localization coefficient (Fig. 4C).

Besides, as it was seen from the merge imaging of bright and
uorescence, we investigated that DHANs exhibited the high
level of specic recognition towards mCherry-CTCs, even
though WBCs could introduce a negligible uorescence signal.
These results conrmed the excellent target-ability of DHANs
Fig. 4 DHANs detected CTCs in the TCM-stimulating mouse model wi
schedule for lung excision. Blood was drawn on 2 h, day 1, 5, 10, and 15. (
corresponding colocalization fluorescence intensity profiles between DH
after the DHAN (200 mg mL�1) treatment for 1 h. DHANs: excitation wa
wavelength ¼ 561 nm, scan scope ¼ 570–670 nm. Scale bar ¼ 100 mm

© 2021 The Author(s). Published by the Royal Society of Chemistry
towards CTCs and the high signal-to-background ratios brought
by the HIF 1a-induced aptamer. As shown in Fig. 4B on day 10,
CTC clusters produced by the aggregation of neighboring cells
were also identied by DHANs, which further demonstrated the
high sensitivity and extensive application of DHANs. These
metastasis experiments attested to the good performance of our
detection nanoplatform and reiterated the merits of DHANs for
ex vivo probing of CTCs in complicated biological
environments.

Identication of CTC in primary tumor sites and metastases

As reported, CTCs are considered to be the primary effector of
metastasis.19 To further conrm that DHANs could identify
CTCs, normal BALB/c mice (n ¼ 6) were injected with 0.5 � 106

mCherry-labeled 4T1 (mCherry-4T1) cells into the mammary fat
pad to model lung metastasis. Fig. 5A shows the timeline and
treatment schedule for lung excision. All mice were euthanized
on the 29th day. As expected, primary breast tumors began to be
overt observed aer 3 weeks. Thus, at the premetastatic phase
(day 0–14),52 partial CTCs were lost in the processing step or
cleared by immune mechanisms, leading to the small amount
CTCs present in drawn blood.53 In our system, the period of the
lowest number of CTCs from each mouse on day 5 could be
clearly detected in 1 mL blood. Fig. 5B shows the CTC imaging
panel for the mCherry-4T1 cells on day 5, 11, 19, and 29. As
shown in Fig. 5B, the uorescence imaging displayed the high
level of the specic recognition of our platform and DHAN-
labeled CTCs are clearly distinguishable, although WBC
th mCherry-4T1 cell intravenous injection. (A) Timeline and treatment
B) CLSM imaging of one CTC region using a 100� oil objective. (C) The
ANs (green fluorescence) and mCherry (red fluorescence) in 4T1 cells
velength ¼ 488 nm, scan scope ¼ 498–538 nm. mCherry: excitation
.
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Fig. 5 DHANs detected CTCs in the TCM-stimulating mouse model
with mCherry-4T1 cell mammary fat pad injection. (A) Timeline and
treatment schedule for lung excision and nodule analysis. Blood was
drawn on day 5, 11, 19, and 29. (B) CLSM imaging of one CTC region
using a 100� oil objective. (C) CLSM imaging of CTCs and parent 4T1
cells after the DHAN treatment for 1 h. (D) The quantitative analysis of
the fluorescence intensity for parent 4T1 cells and CTCs. DHANs:
excitation wavelength ¼ 488 nm, scan scope ¼ 498–538 nm.
mCherry: excitation wavelength ¼ 561 nm, scan scope ¼ 570–
670 nm. Scale bar ¼ 100 mm.
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introduced some false-negative signals. CTC clusters produced
from day 19 further proved the extensive application of DHANs.
In addition, some previous literature showed that CTCs
expressed more HIF 1a in the hypoxia environment compared
with parental 4T1 cells.31 The conclusion ensured that the
identied CTCs via DHANs were exact tumor cells, rather than
other epithelial cells released into circulation. As shown in
Fig. 5C, the uorescence intensity of CTCs was much higher
than that of parental 4T1 cells under the same incubation
conditions. As shown in Fig. 5D, the signicant difference
constant P values of CTCs compared with parental tumor cells
were 0.00005, which directly conrmed our deduction.
Conclusions

Taken together, a novel dehydroascorbic acid (DHA)-modied
and hypoxia-inducible factor-1a (HIF 1a)-induced uorometric
3320 | Chem. Sci., 2021, 12, 3314–3321
aptamer-conjugated AuNPs (DHANs) had been successfully
constructed, which exhibited high sensitivity towards the
extensive detection of the CTCs under hypoxic physiological
conditions. Aer the modication of DHA and HIF 1a aptamer,
the identication accuracy of DHANs was greatly improved in
vitro and ex vivo, which contributed to the HIF 1a-induced “turn
on” uorescence signal allowing the precise selectivity of CTCs
with relatively high signal-to-background ratios. In addition,
the response of DHANs towards CTCs could be widely utilized
in various cancers, thus avoiding the false-negative results. The
excellent ability of DHANs in identifying even single CTC from
the whole blood sample demonstrated its potential in cancer
diagnosis. Our platform might provide a novel strategy of CTC
detection for further extensive clinical applications.
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